Triacontanol (TRIA) role in improving growth, physiological activities and tolerance against abiotic stresses has been reported. Yet, the mechanism by which TRIA executes its effects remains elusive. This work therefore studied the possible role of TRIA exogenous application in counteracting the adverse effects of nickel (Ni) treated maize seedlings. Maize seedlings (15-day-old) were grown in washed sand irrigated with nutrient solution provided with 100 μM NiCl 2 . Two concentrations of TRIA (25 and 50 µM) were applied twice as a foliar spray for Ni-stressed seedlings. Shoot and root growth attributes, Ni content, and antioxidant defence systems of maize seedlings were determined. Ni treatment reduced the shoot and root length and biomass, causing necrosis of the old leaves, greater reduction was shown in the roots. The shoot and root length was negatively correlated with their Ni content, which was consistent with their content of H 2 O 2 , but not with their malondialdehyde (MDA) content. As the roots had the greatest Ni content, maximum peroxidase (PX) and glutathione reductase (GR) activity as well as the highest ascorbic acid (ASA) and reduced glutathione (GSH) content were observed in the roots. The Ni-induced deleterious effects were alleviated by foliar application of TRIA concentrations. Also, TRIA treatment minimized root Ni content, whereas it maintained the shoots unharmed by Ni. Such mitigative effects of TRIA are explained by its key role in enhancing antioxidant capacity (expressed as IC 50 ), increased PX and ascorbate oxidase (AO) activity, GSH, and total phenolic contents.
Introduction
Heavy metal pollution is a global concern as it adversely affecting crop production. Heavy metals (HMs) are naturally occurring metals with atomic numbers greater than 20 and an elemental density greater than 5 g cm −3 [1,2]. HMs including cadmium (Cd), lead (Pb), and mercury (Hg), are nonessential and highly toxic to plants [3, 4, 5] . Other metals are required for life and considered as micronutrients (i.e., Zn, Mn, Ni, Cu, etc.), but their excessive accumulation in living organisms is always toxic. Ni is one of such micronutrients with dual characteristics. For instance, several enzyme activities depend on the presence of Ni highlighting its benefit effects on plant growth and development [6] .
Conversely, excess concentrations of Ni become toxic and cause disturbances in several physiological processes including photosynthesis, respiration, mineral nutrition, transport of assimilates and water relations [7] . It is documented that the adequate levels of Ni for plant species are ranged from 0.01 to 10 mg g -1 dry weight [8] .
Ni toxicity induces high levels of reactive oxygen species (ROS) which triggers lipid peroxidation, oxidation of proteins, degradation of chlorophyll pigments and DNA damage [9,10,11]. Plants evolved a complex ROS scavenging mechanism at the molecular and cellular levels to survive with HMs stress [11] . Therefore, increased stress tolerance in metal exposed plants is often associated with enhancement of antioxidant defense system comprising both enzymatic and non-enzymatic antioxidants [12, 13, 14] . The antioxidant enzymes comprise superoxide dismutase (SOD), catalase (CAT), peroxidase (PX), polyphenol oxidase (PPO), glutathione reductase (GR), ascorbate peroxidase (APX), and ascorbate oxidase (AO) [14] . The non-enzymatic antioxidants include phenolics, ascorbate (ASC), α-tocopherol, proline and glycinebetaine, and reduced glutathione (GSH) [15, 16, 17] .
TRIA is one of relatively new plant growth regulators (PGRs) which has been established to play a critical role in plant growth and development when exogenously applied to various plant species [18, 19] .
The prominent effect of TRIA has been reported to influence the enzymes regulating growth [20] , metabolic processes in plants [21] , enhance photosynthetic rate and chlorophyll fluorescence [22, 23] , stimulate mineral nutrients uptake [24, 25] , and increase various organic compounds in plants [26] . Furthermore, TRIA has been shown to improve the plant resistance against several abiotic stresses as salinity [23, 24, 14] , water stress [27] , chilling [28] , and HMs stress [29, 30] . To our knowledge, the role of TRIA in Ni-induced oxidative stress and antioxidant response is fragmentary studied.
Maize (Zea mays L.) is the third most important cereals crop [31] cultivated globally and used largely as food for human and animals. Maize suffers heavily by metals which eventually reduce its growth and grain yield [32] .
The present study was therefore undertaken to investigate the role of TRIA in mitigating the adverse effects of Ni stress on maize seedlings. A variety of biochemical and physiological parameters related to antioxidant defense systems was addressed. 
Materials and Methods

Plant Material and Growth Conditions
Determination of Nickel Content
Dried samples (roots and shoots from each treatment were extracted by dry ashing as described by Chapman and Pratt [35] . Ni content was determined by atomic absorption spectroscopy (Savant AA, GBC, Australia).
The results were expressed as mg of metal g _1 of sample (dry weight). Reductase (GR; EC1.6.4.2) was assayed by the method of Goldberg and Spooner [44] using a commercially kit (Biodiagnostics, Giza, Egypt). Polyphenol oxidase (PPO, EC 1.10.3.1) activity was measured by the method of Gonzalez et al. [45] . Non-enzymatic antioxidants comprises total phenolics, as gallic acid equivalent (GAE), were determined according to Makkar et al. [46] .
Lipid Peroxidation and Hydrogen Peroxide Contents
Ascorbic acid (ASA) was determined by the methods of Mukherjee and Choudhuri [47] . Reduced glutathione (GSH) was estimated according to the method given by Beutler et al. [48] using a commercially kit (Biodiagnostics, Giza, Egypt).
Statistical Analysis
The results were subjected to one-way analysis of variance (ANOVA) using the software package SPSS v20.0 (SPSS Inc., Chicago, USA). The comparison of the means of different treatments was carried out using Duncan's multiple range test at a significance level of 5% (P ≤ 0.05).
Results
Maize seedlings exposed to Ni treatment exhibited a major decrease in shoot height, circumference and fresh weight, as well as root length ( Fig. 1A and 2) and developed symptoms of Ni toxicity such as chlorosis and necrosis, especially in the older leaves ( Fig. 1B ). However, a slight increment root fresh weight was observed ( Fig. 2C ). Foliar-applied TRIA significantly improved Ni-induced reduction in growth traits, but, it did not have any noticeable effect on root fresh weight of maize seedlings ( Fig. 1 and 2 ). Interestingly maize roots revealed similar behavior in both ASA and GSH contents ( Fig. 5A and B) .
As Ni caused a significant increase in ASC and GSH contents in roots of maize seedlings reached about 38.5% and 18% respectively as compared with unstressed control (Fig. 5A and B ). However, both TRIA treatments (25 and 50 μM) resulted in significant reduction in ASC and GSH contents of Ni-stressed maize roots ( Fig. 5A and B ). On the other hand, in the shoots, treatment with Ni induced a highly significant reduction approximately 64% and 67% in ASC and GSH contents respectively as compared with untreated control (Fig. 5A and B). Meanwhile, both TRIA treatment succeeded to retrieve control levels of GSH, but for ASA in maize shoots ( Fig. 5A and B) . Interestingly, total phenolic compounds were the unique antioxidant component that accumulated in shoots more than roots, even though their contents seemed to be treatment independent ( Fig. 5C ). Total phenolic of roots has not been affected by Ni stress, but it is boosted by addition of TRIA in concentration dependent manner (Fig. 5C ).
Discussion
Decreased growth of maize seedlings exposed to 100 µM Ni could be attributed to inhibition of cell division [7, 49] . Several studies indicated that [61, 62] , and Zea mays [52] . Similarly, roots of Triticum aestivum [54] Solanum nigrum [51] Alyssum bertolonii and Nicotiana tabacum [63] and Triticum aestivum [55, 56] acceptor. This mechanism controlled by AO is the main regulator of apoplastic redox status and hence growth.
The reciprocal interaction between AO expression and auxins has confirmed the role of AO in auxins signal transduction [70, 71] . Smirnoff [72] has demonstrated that increased AO activity and its product (DHA) are performing critical role in auxin signal transduction and are directly associated with cell elongation and expansion in actively growing tissues. It has been also shown that overexpression of AO gene is associated with a leap in AO activity and apoplastic DHA, which promote shoot elongation in tobacco and cotton plants [73, 74] .
In conclusion, our results showed that TRIA foliar spray did not only alleviate the toxicity and oxidative stress imposed by Ni stress, but also provoked the growth to be comparable with that of the untreated plants. We propose three mechanisms by which TRIA express its effect: extrusion of Ni from roots, enhancing enzymatic and non-enzymatic antioxidants, and stimulating growth-related enzymes.
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